Sorption characteristics of 2-(1-naphthyl)acetic acid (NAA), 2-(1-naphthyl)acetamide (NAAm), and 2,4-dichlorophenoxyacetic acid (2,4-D) were determined for cuticles enzymicaliy isolated from mature tomato (Lycopersicon esculentum Mill. cv Sprinter) and pepper (Capsicum annuum L.) fruit. Sorption equilibrium for NAA and 2,4-D by tomato cuticular membranes (CM) and dewaxed cuticular membranes (DCM) was achieved within 24 hours at 25°C. The average K (partition coefficient) values for NAA in tomato CM and DCM were 166 and 204, respectively, whereas the corresponding K values for 2,4-D were 292 and 383, respectively. Sorption equilibrium for 2,4-D and NAA in pepper cuticles was not achieved after 18 and 63 days, respectively. Sorption equilibrium for NAAm in tomato and pepper CM and DCM was attained within 48 hours. Acid pretreatment (2.0 N HCI, 10 minutes) had no effect on NAA, 2,4-D, or NAAm sorption by tomato CM and DCM, or on NAAm sorption by pepper CM and DCM. Acid pretreatment of pepper CM and DCM led to slightly lower KPH (apparent partition coefficient) values for both NAA and 2,4-D. More significantly, sorption equilibrium for NAA and 2,4-D in pepper CM and DCM was achieved within 24 hours after acid treatment.
oxyacetic acids are irreversibly bound, through formation ofester linkages, between the carboxyl groups of phenoxyacetic acids and epoxy groups present in some cuticles (23) . Further, acid treatment of cuticles prior to chlorophenoxyacetic acid sorption was found to completely eliminate this binding phenomenon.
In this report, we further elucidate the nature of sorption of weak organic acid type growth regulators by isolated tomato and pepper fruit cuticles and the effect of acid treatment on sorption kinetics.
MATERIALS AND METHODS Plant Material. Locally field-grown mature tomato (Lycopersicon esculentum Mill. cv Sprinter) and green pepper (Capsicum annuum L.) fruit free of visual defects were used in these studies. Pepper and tomato fruit were selected for study because: (a) they represent important economic crops, (b) their astomatous cuticles are readily isolated and meaningful transmembrane diffusion data can be obtained, and (c) their cuticles represent different cutin chemistry; pepper contains large numbers of epoxide groups which are absent in tomato cutin (1 1, M. Riederer referenced in 30). Previous studies with 2,4-D (22) and selected phenolic compounds (30) indicated that pepper fruit cuticles had the highest K3 values among the several plant cuticles studied.
Cuticle Isolation. Discs, 20 mm in diameter, were punched from the fruit and incubated at 35 ± 1°C in an aqueous mixture of pectinase (4% w/v; ICN Nutritional Biochemicals), cellulase (0.4% w/v; Sigma) and NaN3 (1 mM) in 50 mm sodium citrate buffer at pH 4.0 (21). After 2 d and two changes of enzyme solution, the cuticle could be separated from the outer cell walls of the epidermis. Adhering cellular debris was removed with a jet of distilled H20 and the cuticles were air-dried and stored at 23°C until used.
Isolated cuticles will be referred to as cuticular membranes. (Fig. 2) . For both fruit cuticles, dewaxing resulted in higher levels of NAA sorption.
Solution pH had a dramatic effect on sorption of NAA by tomato (data not shown) and pepper fruit cuticles (Fig. 3) . At low pH (2.2), NAA sorption was greatest for tomato and pepper cuticles and the largest differences between CM and DCM were observed. At high pH (6.2), NAA sorption was low and there were no differences between CM and DCM. The time-dependent (24-432 h) sorption characteristics of pepper cuticles was pH dependent, greater differences being observed with decreasing pH (Fig. 3) .
Acid .51- (Fig. 6) , the K value being 42 and 50 for tomato CM and DCM, respectively (Table I) sorption (data not shown). Sorption equilibrium was not achieved in pepper cuticles even after 18 d (Fig. 7) . Acid treatment slightly lowered 2,4-D sorption and completely eliminated the time-dependent sorption phase in both CM and DCM.
DISCUSSION
The use of (apparent) partition coefficients, under defined conditions, allows for a quantitative analysis of the amount of sorbate (auxin) sorbed by plant cuticles. Our data clearly demonstrate that NAA, NAAm, and 2,4-D were sorbed, to varying amounts, by tomato and pepper fruit cuticles.
Our experiments were conducted at pH 3.2, except where otherwise noted (Fig. 3) , the approximate isoelectric point for plant cuticles (28) . The pK values for NAA, NAAm, and 2,4-D are 4.24 (24), 14.0 (20), and 2.76 (18), respectively. Therefore, both NAA and 2,4-D were present as the nondissociated and dissociated species. Our results with NAA support earlier findings (3, 20, 22, 24) that the lipophilic nondissociated species is sorbed more readily than the anion by the cuticle (Fig. 3) .
Assuming that only the nondissociated species is sorbed by the cuticle, the apparent partition coefficients (f'PH) can be corrected for pH effects using equation 2:
K=KPH (l + lIPOH-pK) (2) giving the partition coefficient (K). The (22, 24) to support the hypothesis that only the nondissociated acid is sorbed by the plant cuticle. However, other data suggests that the dissociated species of weak organic acids may also become associated with the cuticle (3, 8 (24) has attributed the small amount of sorption at pH values above the pK to a lipophilic radiolabeled contaminant whose sorption becomes significant under these conditions. The other possibility is that there are regions in the cuticle that serve as sorption sites for polar compounds (7, 26) . Nevertheless, the degree ofsorption above the pK is limited (Fig. 3) . Conclusive data are needed to resolve this question.
Our data for NAA sorption by tomato CM and DCM agree closely, in general, with those of Schonherr (24) . However, our 2,4-D K values for both tomato and pepper CM and DCM were consistently lower than previously published values (22) . Preliminary comparisons suggested that this was not related to cultivar differences. Despite the quantitative differences in K values for 2,4-D between the two studies, the sorption behavior in tomato and pepper CM and DCM was qualitatively similar.
The K values for NAA and NAAm in pepper fruit cuticles probably reflect the upper limit of sorption for these compounds in plant cuticles (22) . The tomato fruit K values reflect intermediate partitioning behavior.
The two major components of the lipoidal plant cuticle are the insoluble bio-polymer, cutin, and the soluble (chloroform:methanol) lipids (17) . Cutin is a poly-hydroxylated fatty acid (C16 and/or C18) polymer that serves as the matrix of plant cuticles (4, 10) . The fatty acid monomers may have hydroxyl, aldehyde, ketone, epoxide, and/or unsaturated substituents (1 1).
The SCL component is a complex mixture (1). They are composed of long chain alcohols, acids, alkanes, aldehydes, acetals, and ketones (17) , some of which are crystalline at ambient temperatures (6) , and as such are poor sorbents (29) . SCL are deposited on the outer (morphological) surface and embedded within the cutin matrix (16) . SCL may occlude sorption sites associated with the cutin matrix (4, 22) , thus their removal could increase the area available for sorption and this probably accounts for the higher K values observed for DCM. The increase in sorption ofsolutes after dewaxing, however, was not correlated with the quantity of SCL removed (22) .
Sorption, the term used herein to describe the processes of auxin 'accumulation' by plant cuticles, was used since we did not differentiate between ad-and absorbed auxin. Recently, another component of auxin accumulation by plant cuticles has been described. Riederer and Schonherr (23) found that two chlorophenoxyacetic acids formed covalent bonds (esters) with epoxide groups present in the fatty acid monomers found in several plant cuticles. They showed that sorption occurred rapidly whereas binding was a slow, linear, time-dependent process.
Tomato fruit cuticles do not contain epoxy fatty acids (1 1). Sorption equilibrium for NAA (Figs. 1, 2) , NAAm (Fig. 6) , and 2,4-D (data not shown) was achieved rapidly. No slow, linear, time-dependent increase in the amount of auxin sorbed (i.e. covalent binding) was observed. In contrast, pepper fruit cuticles contain epoxy fatty acids (23) . Sorption equilibrium for NAA (Figs. 2, 3, 5) , and 2,4-D (Fig. 7) was not obtained even after extended periods. Therefore, the 'accumulation' of NAA and 2,4-D by pepper CM may reflect both sorbed and bound fractions (23) . Since acid treatment was equally effective before or after dewaxing, the sites for covalent binding were localized in the cutin matrix (Figs. 5, 7 ). (19) . As such, they can be useful coefficients for comparative purposes. In homogeneous membranes, permeation and sorption are directly related since the permeability coefficient is the product of the diffusion and partition coefficients (5 
